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In studies of the dynamic failure of brittle hydrogels, a bound has been placed on the process
zone scale - the scale where material separation and ultimate failure occur. For the polyacrylamide
hydrogel system under study, this bound is set at 20 microns. Thus, any subtle alterations to the
material at a smaller scale should not in principle alter the dynamic fracture response of the hy-
drogel. Here we test this directly by embedding sub-micron-scale latex polystyrene microspheres
within the brittle polyacrylamide hydrogel at a solids fraction of 0.1 %. We verify that the spheres
are well-distributed throughout the hydrogel material at this concentration with optical microscopy,
and reconstruct the 3D distribution of these spheres using laser scanning confocal microscopy in
backscatter mode. Finally, we test the fracture behavior of this gel with the dilute, embedded
sub-micron spheres, and find that the brittle material failure modality common to this material
without the sub-micron spheres is indeed retained. By comparing the crack tip opening displace-
ment, fracture energy and the crack’s speed with established data from prior experimental work, we
demonstrate that this material’s failure is brittle, as it is in good agreement with the pure hydrogel
system.
Soft materials are increasingly employed in manifold
applications, from soft electronics[1] to soft robotics[2],
and even drug delivery systems[3]. Despite the increas-
ing importance and applicability of soft materials in our
daily lives, we still don’t have a clear view of what their
performance limits are - indeed, recent developments of
compound gel systems show that hydrogels, at 90% wa-
ter, can be made to undergo stretches exceeding ten[4],
exhibit recovery of their mechanical properties after ex-
treme loading conditions[5, 6] and be facilely fabricated
using a rich variety of chemistries that impart on such
materials sensitivity to e.g. loading rate[6]. While a
substantial volume of work focusing on brittle hydrogel
systems has brought to light significant and important
insights into the fracture behavior of brittle polyacry-
lamide hydrogels[7–16], key questions concerning crack
stability and three-dimensional crack propagation remain
unanswered. One of the key hindrances to the advance-
ment of the study of 3D fracture is a general inability
to resolve the deformation field very near the crack tip
in 3D. Despite the many applications of particle track-
ing in high-resolution imaging of deformation in soft
solids[17, 18], this method requires high particle seeding
densities, which might alter fracture behaviors[19]. It is
thus critical to evaluate whether at these concentrations
the particles alter the fracture behavior, or behave as pas-
sive tracers. If the brittle fracture behavior is preserved
at these seeding densities, this method will enable direct
observation of the process zone in a brittle hydrogel, or
facilitate measurement of the complex 3D deformations
in-situ for a propagating crack.
Here we study the dynamic fracture behavior of a brit-
tle hydrogel system with a dilute concentration of em-
bedded polystyrene microspheres. The spheres used in
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FIG. 1. Images of particle loading with 0.47 micron latex
polystyrene spheres at 0.1% solids fraction in the brittle hy-
drogel matrix. a) Darkfield imaging with 40x air-immersion
objective (Nikon plan fluor, NA = 0.75) shows that in the
narrow focal plane of the objective, we have a large number
of particles - corresponding to a high numerical density - as
expected for the micro-sphere’s small diameter. b) Brightfield
imaging with the same sample at a different location verifies
the high numerical density of the microspheres with a 100 x
objective (Nikon plan fluor oil immersion, NA = 1.3).
this study are selected to have a size significantly smaller
than the process zone scale in the gel material. The con-
centration employed, while dilute, averages to one par-
ticle per 10 µm3, which is sufficiently dense to carry
out particle tracking studies or digital volumetric cor-
relation studies of material displacements. Using bright-
field and darkfield optical microscopy, we verify the an-
ticipated concentration of microspheres within the gel
sample, and establish the uniformity of their distribution
using laser scanning confocal microscopy (LSCM). We
present a workflow for direct measurement of the micro-
sphere positions with a precision signficantly better than
the confocal volume of the microscope. Dynamic frac-
ture studies are carried out in mode-I, in-plane tensile
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2FIG. 2. Laser-scanning confocal micrograph of a gel sample with fluorescently labeled solvent and CTOD analysis workflow.
a) A schematic showing a sample loaded in tension with our custom microscope mounted loading apparatus. The objective is
mounted to a piezo-scanning mount (PI Fast PIFOC Z-Drive, 400 micron stroke) indicated by the black arrow. The fluorescence
emitted within the objective’s numerical aperture is de-scanned using a resonant-galvo pair (Cambridge Technologies), and
passed through a spatial filter (Newport M-900), represented by the horizontal lines. This signal is then detected by an
avalanche photodiode (Thorlabs APD430), and recorded using a customized laser scanning microscopy platform (Scanimage).
b) A 3D micrograph of the fluorescently labeled solvent after image segmentation shows the high-resolution 3D data recorded
with the confocal microscope. c) Using the 3D dataset, we select a plane aligned with the local conformation of the crack tip
in 3D in silico. The surface coordinates are extracted (d) and processed for further analysis (e).
loading, and the crack’s velocity and crack tip opening
displacement (CTOD) are analyzed to assess whether the
well-documented brittle material failure modality[9, 12]
is maintained.
Gel samples are prepared from a 13.7 % monomer
concentration (wt/vol) with 2.7 % bis-acrylamide cross-
linker. Polymerization is initiated and catalyzed using
an established protocol with Ammonium-per-sulfate and
TEMED[21]. 0.47-micron polystyrene latex microspheres
are added at a 0.1 % solid fraction prior to the onset of
polymerization. All chemistry is sourced from Sigma-
Aldrich. Once the catalyst and initiator are added, the
gel is allowed to polymerize between glass plates sepa-
rated by 190 micron rigid plastic spacers for four hours
prior to any experiments. For the dynamic fracture ex-
periments, a 4 x 2 cm rectangle is cut from the gel sheet,
and mounted on custom grips in a tensile loading ap-
paratus, such that 1 x 2 cm area of the gel sample is
confined within the gripping area on each side of the
sample. A 10% nominal strain is applied, and the crack
is initiated using sharp scissors at the edge of the sam-
ple. The crack’s progress is imaged onto a high-speed
camera (Photron Nova S12) at 12800 fps, with an ex-
posure time of approximately 700 nanoseconds using a
long-working distance microscope (Nikon AZ100, 2x ob-
jective). A bright, collimated and pulsed LED source is
synchronized with the camera’s exposure to illuminate
the sample in-line. The load applied to the sample is
monitored with a load cell (PT Global) amplified with a
lock-in amplifier (Stanford Research Systems SR865A),
whose output is digitized using an National Instruments
data acquisition card (NI DAQ). The displacement of the
stages (Newport) used to apply the load are recorded
concurrently with the load cell signal and written to a
text file using a custom visual basic software to drive the
experiment.
The fractured samples are preserved for further anal-
ysis with optical profilometry. As the gel is translu-
cent, the fracture surface is cast into PVS (Zhermack),
which is then mounted to a microscope slide. This slide-
mounted sample is then imaged using a Nikon interferom-
etry objective attached to an inverted microscope plat-
form (Nikon Ti-Eclipse). The objective scanning z-stage
is used to modulate the position of the interferometry
objective relative to the sample at steps of 50 nm. A
weakly coherent LED light source is used to illuminate
the sample, generating fringes once the working distance
is precisely aligned with the reference cavity internal to
the Mireau objective. A z-stack of images recorded us-
ing micro-manager software is processed using a custom
MATLAB code to extract the envelope of the interference
fringes, and thus identify the z-location of each point on
3FIG. 3. Laser-scanning confocal micrograph of a gel sample with 0.47 micron diameter polystyrene latex spheres embedded
within. a) Schematic microscope platform as described in the caption of Fig. 2. b) An 8-bit slice of the z-stack recorded
with the laser scanning microscope shows some bright peaks after filtering. c) Segmentation using a random forest classifier
(Ilastik software[20]) is used to extract the positions of particles in 3D. d) The fully-segmented 3D representation of the single
slice shown in (c). We see the elongation of the particle point-spread functions in z, as well as some noise from the imperfect
segmentation scheme. e) Further filtering based on the bounding box size of the segmented particles selects only those centroids
that have the anticipated point-spread function in (d). f) The particles are shown to scale in the 3D domain, showing that
they are indeed dilute, and nevertheless at a high numerical density.
the surface of the elastomer casting.
Quasi-static tensile fracture experiments are carried
out using a custom loading apparatus configured from off-
the-shelf precision stages (Newport CONCEX-MFACC)
affixed to a precision 10N load cell (HBM) amplified using
a ClipX amplifier (HBM). Simultaneously, the displace-
ment of the stages is recorded using an LVDT (HBM)
with a stroke of 1 cm. Digital signals are either recorded
using an NI DAQ or an oscilloscope.
The loading apparatus is mounted on a custom-built
laser-scanning confocal microscope platform based on the
Scanimage software platform (Vidrio Technologies LLC).
All LSCM imaging is carried out using a Nikon water im-
mersion objective (CFI APO NIR, NA = 0.8) mounted
to a piezo objective scanning mount (PI Fast PIFOC Z-
Drive, 400 micron stroke). Thorlabs and Newport opti-
cal components are used to guide the beam, and mount
the resonant-galvo scanning mirror pair. Laser illumina-
tion is focused onto the sample from a NKT Photonics
white laser system (NKT Super-K EVO) driven with an
acousto-optic filter with up to eight simultaneous emis-
sion lines. Emitted light is collected after passing through
a dichroic (Semrock) and a spatial filter (Newport M-900)
using a Thorlabs avalanche photodiode (APD430). The
signal is digitized using the Scanimage acquisition sys-
tem, where it is synchronized with the scanning mirrors
and the z-position in order to obtain a 3D reconstruction.
The small size of the 0.47 micron diameter micro-
spheres enables us to obtain a high numerical density
at a low solid fraction of 0.1%. The numerical density is
verified using two different optical microscopy modalities,
including darkfield and brightfield imaging, as shown in
Fig. 1 (a) and (b), respectively. We observe that the
particles are of high numerical density at two arbitrar-
ily selected locations within the sample, and that their
distribution appears to be random, and devoid of aggre-
gation within the particle-laden gel sample, as shown in
Fig. 1.
In order to correctly resolve the positions of the par-
ticles embedded within the gel near a free interface,
we must match the optical indices of the gel material
and free-space to prevent the introduction of optical
aberration[22]. We verify the absence of optical aberra-
tion using an alternative 3D imaging modality, wherein
we label the solvent in a gel sample without particles,
loaded in tension using the loading apparatus mounted
to the LSCM; here, a crack is inserted to obtain the free-
interface. A typical image is shown for reference in Fig. 2
(a). Using the 3D imaging capability of the LSCM, we
can reconstruct the position of the free interface very
precisely. Index matching between the gel sample and
the ‘free-space’ behind the crack is acheived using fluori-
4FIG. 4. In-situ characterization of material properties using
longitudinal wave speed measurements. a) Schematic of the
dynamic wave propagation observation for in-situ character-
ization of the material. Collimated illumination is scattered
by the deformation of the material during longitudinal wave
propagation due to gradients in the zz-strain component. b)
An image sequence of the longitudinal disturbance propagat-
ing through the sample at three time steps. Images are nor-
malized by the preceding 10 images to ensure background
uniformity. c) The intensity trace along x is determined by
averaging the images shown in (b) over the y axis. Local
smoothing using the Savitzky-Golay method serves as a low-
pass filter for the data. A template of the intensity trace is
extracted for further processing, as this wave envelope is con-
served during wave propagation. d) Matched filtering of the
intensity traces at subsequent time steps is carried out using
the template extracted from the smoothed trace as shown in
(c). The intensity peak corresponds to the maximum in the
filtered data. To further reduce noise and enhance precision, a
parabola is fitted to these data over a window of ±15 pixels, or
±330 µm. Finally, a linear fit is applied to the peak-location
data over time; the slope corresponds to a measurement of
the wave propagation velocity, shown inset.
nated oil (FC-40). The veracity of the 3D reconstruction
is shown in Fig. 2 (b). A workflow that can be used
to carry out crack tip opening displacement (CTOD)
measurements with an arbitrarily oriented plane in 3D
is demonstrated in Fig. 2 (c)-(e), where we obtain the
3D coordinates that pass through a selected plane in 3D.
These have been imported into MATLAB for further pro-
cessing and analysis. Visualizations are carried out using
Paraview.
Despite their small size, the 0.47 micron polystyrene
latex spheres are easily visible using the confocal micro-
scope. Indeed, spheres of this size have already been
used successfully in displacement field studies of hydro-
gels with LSCM[18]. Here, we are simply imaging their
location in space using the same optical setup as before,
without the free-surface adjacent to the gel sample, as
shown in Fig. 3 (a). A single slice of the 3D z-stack
of images is shown after filtering in Fig. 3 (b). Small
bright spots indicate the presense of a microsphere in the
confocal volume of the microscope for this slice. These
slices are then segmented using a random forest classifier
(Ilastik software[20]), which enables 3D segmentation of
the particle locations, as shown for the same slice in Fig. 3
(c). Once segmentation is carried out, we plot the point
spread functions for the microsphere in 3D using Par-
aview visualization software, as shown in Fig. 3 (d). Any
residual noise from the segmentation scheme can be fil-
tered using the dimensions of the point spread functions
from the data in Fig. 3 (d), and the centroids of these
features can be readily identified using established soft-
ware routines in MATLAB. The centroids of all candidate
particles are shown in Fig. 3 (e). These centroid loca-
tions are then plotted using spherical glyphs to represent
their location and size, to scale, in Paraview; this plot
shows how dilute the spheres are, and furthermore how
uniformly distributed in the gel they are, verifying their
utility for measuring material displacements, as shown in
Fig. 3 (f).
While we ultimately must test the fracture behavior
of the gel-particle system, it is imperative that we first
establish the material properties of the sample to ensure
our measurement of the fracture energy Γ is accurate,
as the shear modulus enters directly into the expres-
sion for Γ. To do this, we follow a method introduced
in prior experimental study of planar mode-I cracks in
double-network hydrogels, where a strain pulse is used
to measure the material’s sound speed[24]. Here, we are
not spray painting the gel, however, so an alternative
approach is required to measure the propagation of lon-
gitudinal waves in the material, using an in-line imag-
ing set-up with a collimated, pulsed light source and
our high-speed camera, as shown schematically in Fig. 4
(a). During propagation, longitudinal waves introduce a
subtle lensing effect: the volumetric strain is accommo-
dated in the x− z plane, and the strain gradients in the
zz−component diffract the collimated light, introducing
modulations in the intensity at the wavefront. This ap-
pears as a fractional intensity modulation, of the order of
0.5 % over the background. As this signal is very small,
and larger than the sensor’s noise, we must use matched
filtering to extract the front position. This is achieved
first by extracting a set of background images to normal-
ize the intensity in the region of interest; a time-series of
the normalized images during wave propagation is shown
in Fig. 4 (b); here, the contrast is significantly enhanced
to highlight the shape of the longitudinal wave-front. As
this is a plane wave, we average over the y−axis to fur-
ther reduce the noise; these data are shown in the yellow
points in Fig. 4 (c). low-pass filtering over the x−axis
further reduces noise, leading to a signal that can be pro-
cessed by matched filtering via a template formed from
the wavefront shape, as shown by the blue and red curves
in Fig. 4 (c), respectively. The template is then used
with linear filtering to identify the position of the wave
front from the peak in the match-filtered data; sub-pixel
5FIG. 5. Dynamic fracture tests of gel material with and without 0.47 µm diameter PS spheres at 0.1% volume fraction. a)
Schematic of dynamic fracture set-up used to record plan-view images of cracks propagating through hydrogels. b) A plan-
view image of a crack propagating smoothly through a hydrogel with particles at a velocity of 0.4cR. Notably absent are
microbranching events observed in prior work[23]. The parabolic region of the crack tip opening displacement (CTOD) used to
extract the crack-tip curvature is depicted with the blue dashed line. c) A crack propagating at a similar velocity to that shown
in (b) through the hydrogel material without particles shows a similar smooth fracture propagation. d) The crack-tip curvature
measured from the CTOD is plotted as a function of the noramlized velocity for cracks propagating in gels with (without)
particles in blue (red). We see that despite slight differences in sample geometry, the CTOD curvature is comparable. e) The
fracture energy Γ is measured as a function of normalized velocity for gels with (without) particles in blue (red). The values of
Γ are determined in two ways: first, with a biaxial, finite-deformation model (x’s), and second with the Linear Elastic Fracture
Mechanics (LEFM) solution data (circles).
resolution of the front position is obtained by fitting a
parabola to the peak of the filtered data, as indicated
by the curves and point in Fig. 4 (d). The wave speed
is then extracted from the sub-pixel resolved front po-
sition’s temporal evolution by fitting a line through the
position trace, as shown in Fig. 4 (d) inset. Once the
wave speed is established, we can directly extract the
material’s shear modulus by recognizing that the shear
wave speed cs is 1/2 of the longitudinal wave speed cl
(measured), and cs =
√
µ/ρ → µ = ρ(cl/2)2. For ref-
erence, a table of measured moduli for the gel material
with and without particles is included in the supplemen-
tary material. The shear modulus is on average 7% less
for the particle-laden gel than the particle-free gel.
Upon embedding the spheres within the brittle hydro-
gel, it is unclear whether they might alter the brittle frac-
ture mechanics germane to this material system[11, 12].
Indeed, recent studies suggest that particles of vary-
ing sizes can strongly affect a crack’s direction and
stability[19, 25]. The particles are nearly two orders
of magnitude smaller than the 20 micron bound on the
process zone size in this material[11]. Here we test the
particle-laden hydrogel sample subject to mode-I ten-
sile loading (experimental set-up is shown schematically
in Fig. 5 (a)), and find that the canonical parabolic
CTOD observed during brittle fracture of such hydrogels
in prior studies[9, 12] emerges, as shown in Fig. 5 (b).
Notably, disturbances typical of crack front instability
6FIG. 6. Profilometry of fractured hydrogel crack surface. a)
An in-situ, plan-view image of a crack propagating through
a particle laden hydrogel. The dashed rectangle indicates a
representative view of the surface later analyzed using a pro-
filometer in the x− z plane. b) A typical surface analyzed by
profilometry after the fracture surface is shown zoomed-in,
highlighting the absence of surface texture on the scale of a
single pixel; here this is 21µm. c) Optical profilometry of the
post-mortem fracture surface shows that it is very smooth on
the scale of a micron. Some noise resulting from an imperfect
optical reconstruction appears near the left-hand side of the
image. A small feature, likely due to a particle, can be seen
near the middle-top of the image; otherwise, the surface is
unblemished d) The surface of the identical gel composition,
fractured in an identical manner, is provided for comparison.
Here, we see that the majority of the surface is as smooth as
that of the gel with particles, suggesting that the microspheres
have not significantly affected the crack’s dynamics. e) Traces
along the profile of the sample with the microspheres (blue)
and without the microspheres (red) show that the surface has
a comparable roughness with and without the particles.
are absent[16, 23]; for comparison, we include a smooth
CTOD from the standard gel composition at a similar
loading geometry and crack speed in Fig. 5 (c). If instead
the fracture behavior were affected by the 0.47 micron
particles at 0.1% solid fraction, the smooth parabolic pro-
file would not be observed, as occurs with dilute concen-
trations of larger particles[25]. To calibrate the material’s
fracture properties, we extract the crack-tip curvature for
a time-series of images during the crack’s acceleration, as
shown in Fig. 5 (d). As a function of normalized velocity,
we find that the CTOD curvature agrees well for the gel
material with and without particles. Using a recent the-
ory for calculating the fracture energy Γ from the CTOD
curvature[26], we find that the materials have very sim-
ilar Γ(v/CR) curves, indicating that the brittle failure
properties are not altered by the sub-micron particles at
0.1% solid fraction, whether finite stretch is taken into
account (x’s) or not (circles), as shown in Fig. 6 (e).
While the measurements of Γ(v/cR) suggest that the
material’s brittle failure behavior is not altered by the
particles, post-mortem profilometry can provide addi-
tional insight into the detailed, small-scale processes oc-
curing during crack propagation. A side-on image show-
ing the surface analyzed using profilometry is shown in
Fig. 6 (a) and (b). The fracture surface is essentially de-
void of features, as shown in Fig. 6 (c); indeed, an identi-
cal region probed with the same profilometry method on
the surface of a gel sample without the particles appears
to be of comparable surface roughness, as shown for com-
parison in Fig. 6 (d). Traces along the crack surface in
the x-direction show that the surfaces have a comparably
smooth surface, as shown in Fig. 6 (e) at a 50 nm scale.
We have demonstrated that dilute embedding of rigid
polystyrene spheres in an otherwise brittle polyacry-
lamide hydrogel matrix does not alter the brittle frac-
ture response for a dynamic crack. Indeed, the fracture
energy compares well with similar values of the fracture
energy in the brittle hydrogel without the 0.47 micron
diameter microspheres over a wide range of normalized
crack velocity, from v/cR = 0.2 - 0.8, when the stress
fields near the crack tip are significantly altered due to
dynamic effects[27, 28].
Using a variety of microscopy modalities, We have
thoroughly verified that the distribution of the micro-
spheres is random, and that we nevertheless obtain a
high numerical density, with one sphere per 10 µm3 on
average. This high particle density can be exploited
to uncover material displacements very near the crack
tip, provided a suitable loading platform and microscopy
imaging modality are available. Indeed, our LSCM plat-
form and custom-made loading platform are well-suited
for this application, and can be used to shed insight into
the failure of hydrogels very near the crack’s advancing
tip, all while generating precise, 3D data of either the
crack tip opening displacement, or indeed, the relative
displacements of the particles from reference configura-
tion within the gel itself. These experiments will require
further work, but can build upon the technical founda-
tions validated in the images shown in Figs. 2 and 3.
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